Noggin ͉ proliferation ͉ skin S kin morphogenesis leads to the formation of an organ that covers and protects the body from external insults and also results in the development of the hair follicles (HFs) that generate hairs, whose phenotype (length, thickness, shape, and color) varies substantially between distinct anatomical sites of the mammalian body (1-5). Hair fiber production is regulated by epithelial-mesenchymal interactions between the HF epithelium and mesenchyme and occurs only during the growing phase of the hair cycle (anagen), whereas it ceases during HF involution (catagen) and relative resting (telogen; refs. 2 and 6-9).
S
kin morphogenesis leads to the formation of an organ that covers and protects the body from external insults and also results in the development of the hair follicles (HFs) that generate hairs, whose phenotype (length, thickness, shape, and color) varies substantially between distinct anatomical sites of the mammalian body (1) (2) (3) (4) (5) . Hair fiber production is regulated by epithelial-mesenchymal interactions between the HF epithelium and mesenchyme and occurs only during the growing phase of the hair cycle (anagen), whereas it ceases during HF involution (catagen) and relative resting (telogen; refs. 2 and 6-9).
Previous observations link variability in hair length and thickness with such parameters as duration of the anagen phase of the hair cycle, as well as with the size of the hair bulb and follicular papilla (FP; refs. [10] [11] [12] . In particular, it was shown that the size of human HFs and hair diameter strongly correlates with the volume and number of cells in the FP, thus suggesting an important role for the FP in the control of HF size and hair phenotype (10, 12) . In murine dorsal skin, HFs are grouped into four principal types, each characterized by distinct size of the hair bulb and phenotype of the hairs generated (4, 5) . Guard or tylotrich HFs that represent Ϸ5-10% of the HFs have the largest hair bulb compared with other HF types and produce long straight hairs. Awl and auchen HFs show intermediate-sized hair bulbs; however, awl HFs produce straight hairs, whereas auchen hairs have a single contraction. Zig-zag HFs that comprise Ϸ50-70% of the HFs have the smallest hair bulbs and produce relatively short hairs with two or three contractions.
Hair-fiber thickness and shape strongly correlate with the number and size of keratinocytes (KC) in the hair medulla, which in straight hairs (guard and awl) remains constant over the entire hair length, except where reduced at its proximal and distal ends (4, 5, 13, 14) . In auchene and zig-zag hairs, the number and size of the medullar KC are substantially reduced at the contraction areas, thus resulting in local hair shaft thinning and bending (Fig.  1J ). The thickness of the hair medulla is controlled by the activity of the Edar, IGF, and FGF signaling pathways (14) (15) (16) (17) (18) (19) ; however, the downstream targets and mechanisms involved in regulating hair shape and formation of hair shaft bending remain largely unknown.
Bone morphogenetic protein (BMP) signaling plays important roles in the regulation of the size and phenotype of ectodermal organs (20) (21) (22) (23) . BMPs exert their effects by binding to specific BMP receptors, which transduce signals to the nucleus by recruiting Smad1/5 transcription regulators or components of the MAPK pathway (24) . BMP signaling is regulated by extracellular antagonists, including noggin, which modulate binding of the selected BMPs to BMP receptors (25) . BMP signaling is critically important for proper control of HF initiation and KC differentiation into the follicle-specific cell lineages, as well as for hair pigmentation (26) (27) (28) (29) (30) (31) (32) (33) . In this paper, we provide evidence that BMP signaling also plays an important role in the control of HF size and hair phenotype by regulating cell proliferation and modulating the expression of cell-cycle-associated genes in hair matrix KC.
(60-89 m, presumably those that generate zig-zag hairs), Ϸ30% HFs with intermediate-sized hair bulbs (90-129 m in diameter, presumably generating awl and auchen hairs), and Ϸ5% HFs with large hair bulbs (130-180 m in diameter), most likely producing guard hairs (Fig. 1G) . In contrast to WT mice, TG mice showed lack of HFs with small-sized hair bulbs and a marked increase in the number of intermediate HFs (89.1 Ϯ 8.3%), whereas the proportion of large HFs was not changed significantly (Fig. 1G) .
Furthermore, TG mice were characterized by remarkable changes in hair phenotype and showed a replacement of the zig-zag and auchene hairs by awl-like hairs, in which the lack of contractions was associated with significantly increased thickness and number of the cortex and medulla cells compared with WT zig-zags ( Fig. 1 H-L; Fig. 5A , which is published as supporting information on the PNAS web site). However, cell number and thickness of the inner root sheath cells were similar in WT and TG HFs (Fig. 5 A, D, and E) . In contrast to zig-zag and auchene hairs, guard hairs of TG and WT mice did not show differences in their diameters or in the number of the cortex or medulla cells (Fig. 1 H-L ; data not shown).
Interestingly, the marked enlargement of the hair bulb seen in the majority of the HFs in TG mice was not accompanied by any changes in overall size of the FP or in number of the FP cells, as well as in size of the hair matrix KC (Fig. 5 B, C, and F-L) . In large HFs of WT and TG mice, size and number of the FP cells were also quite similar, whereas they remained significantly higher than the corresponding parameters in the small/ intermediate HFs (Fig. 5 B, C, and F-I ). These data suggested that transformation of the small HFs into the intermediate type in TG mice is associated with a marked increase of cell number in the hair matrix region, hair cortex, and medulla, and is not accompanied by any changes in size or cell number in the FP. Fig. 2  A and B) . After laser-capture microdissection, RNA samples were processed for microarray and real-time PCR analyses, as described (35) . Consistently with data published previously (36, 37) , RNA samples obtained by laser-capture microdissection showed expression of the hair matrix and FP-specific genes, which was not changed after two rounds of RNA amplification ( Fig. 2C; Fig. 6A , which is published as supporting information on the PNAS web site,). In concordance with our previous observations (33) , anagen VI HFs in TG mice showed decreased expression of phospho-Smad1/5 in the outer root sheath and in the lower parts of the hair matrix and FP compared with the small HFs of WT mice (Fig. 2H) , thus suggesting that transgenederived noggin may indeed influence the magnitude of BMPSmad signaling in hair matrix KC leading to its moderate decrease, compared with WT mice. Interestingly, intermediate HFs in WT mice also showed reduced pSmad1/5 expression in the hair matrix compared with small HFs (Fig. 2H) .
HF in K5-
Microarray analysis of the hair matrix and FP of small and intermediate HFs of WT mice and intermediate HFs of TG mice showed 2-fold or higher changes in expression of 175 genes that encode adhesion/extracellular matrix molecules; cytoskeleton/ cell motility markers; and molecules involved in the control of cell differentiation, metabolism, signaling, and transcription ( Fig. 2 D-J ; Tables 1 and 2 , which are published as supporting information on the PNAS web site). Most remarkable differences between small HFs of WT mice and intermediate HFs of both WT and TG mice were seen in the expression of genes involved in the control of cell proliferation ( Fig. 2D and Table  1 ). By real-time PCR, expression of Cdk inhibitor p27 Kip1 showed a Ͼ10-fold decrease in hair matrix of TG HFs, whereas expression of the selected cyclins (A2, D1, E2, and H) was moderately increased compared with the small HFs of WT mice (Fig. 2D) . Similarly to TG HFs, intermediate HFs of WT mice showed decreased expression of Cdk inhibitors p21 Cip1 , p27 Kip1 , and p57 and increased expression of cyclins, compared with small WT HFs (Fig. 2D) .
Consistently with these results, intermediate HFs of both WT and TG mice showed a significantly (P Ͻ 0.05) increased number To further explore the role for p27
Kip1 in the control of HF size, hair bulb diameter and cell proliferation were compared between anagen VI HFs of p27
Kip1 knockout (Ϫ/Ϫ) mice and corresponding WT mice. It was shown previously that p27 Kip1 knockout mice are characterized by hyperplasia, increased size, and cell number in many organs (40) . Despite apparently normal HF morphogenesis and lack of significant alterations in HF cycling (data not shown), p27
Kip1 knockout mice contained significantly (P Ͻ 0.05) fewer numbers of small HFs and increased numbers of intermediate HFs compared with WT skin (Fig. 3 A, B , and E). Similar to TG mice, the increased HF size in these mice was associated with ectopic localization of Ki-67-positive cells in the precortex area above the hair matrix ( Fig. 3  C and D) . Furthermore, the proportion of zig-zag hairs in p27 Kip1 knockout mice was significantly reduced (40.7 Ϯ 5.9% vs. 63.1 ϩ 7.3% in WT mice; P Ͻ 0.05), whereas awl hairs were increased (32.3 Ϯ 4.5% vs. 15.9 ϩ 2.4% in WT mice; P Ͻ 0.05), and the number of cells in their medullae was also significantly higher (P Ͻ 0.05) compared with WT mice (Fig. 3F) . Thus, the hair phenotype in p27 Kip1 knockout mice showed similarity to K5-Noggin mice (Fig. 1) , further suggesting that p27 Kip1 may indeed play a role in mediating the effects of BMP signaling on cell proliferation and size of anagen HFs. To determine whether BMP signaling is capable of regulating KC proliferation/differentiation by a p27 Kip1 -dependent mechanism, the proliferation rate was compared between primary epidermal KC from WT and TG mice, as well as between HaCaT cells cultured with BMP-4 or vehicle control. Primary KC from TG mice showed significantly increased proliferation (P Ͻ 0.01) compared with WT KC (Fig. 4A) . Alternatively, HaCaT cells after BMP-4 treatment showed significant (P Ͻ 0.01) increase in proportion of cells in G 0 /G 1 phase and decrease of S-phase cells, compared with vehicle control (Fig. 4B) . By real-time PCR, expression of Cdk inhibitors p21 Cip1 and p27
Kip1 significantly decreased (P Ͻ 0.05) in primary KC of TG mice, whereas expression of Cdk2 and cyclin M3 increased, compared with KC of WT mice (Fig. 4C) . In HaCaT cells, expression of p27
Kip1 transcripts substantially increased after BMP-4 treatment, and these BMP-4 effects were blocked by addition of recombinant noggin protein (Fig. 4D) . By Western blot analysis, the expression of p27 Kip1 , as well as phosophoSmad1/5, also increased after incubation of HaCaT cells with BMP-4, whereas expression of the phospo-Rb, a major positive regulator of S-phase entry, decreased compared with the controls (Fig. 4E) . Furthermore, cotransfection of HaCaT cells with vectors containing one of the constitutively active BMP receptors and/or pCMVSmad1/Smad5 vectors (41) , as well as with p27PF-Luc reporter plasmid containing human p27 promoter (42) , resulted in 16-to 17-fold increase of p27PF-Luc activity (Fig. 4F ). These data suggest that BMP signaling positively regulates activity of the p27 Kip1 promoter and p27
Kip1 expression at both mRNA and protein levels in vitro and may indeed promote proliferation/differentiation transition in hair matrix KC in vivo by up-regulating p27 Kip1 expression.
Discussion
Control of organ size is a complex process that requires coordination of intrinsic signals regulating intraorgan proliferation and extrinsic factors, such as nutritional and hormonal influences (43, 44) . BMP signaling plays an important role in regulating size and phenotypic variability of ectodermal organs (20) (21) (22) 45) . Here, we show that BMP signaling is involved in the control of HF size, hair shape, and thickness, at least in part, by regulating the expression of Cdk inhibitor p27 Kip1 and cell number in the hair bulb and hair fiber (Figs. 1-4) .
We show that, in contrast to complete inactivation of BMP receptor IA (BMPR-IA) signaling resulting in a failure of the inner root sheath and hair shaft formation (29) (30) (31) (32) , moderate inhibition of BMP signaling in K5-Noggin mice causes an increase in cell proliferation and size of the hair bulb, as well as transformation of bended zig-zag and auchene hairs into straight awl-like hairs (Figs. 1 and 2) . In zig-zag and auchen hairs of WT mice, number and size of medulla cells are markedly reduced at the areas of contractions, resulting in the local hair shaft thinning and bending (Fig. 1J ). It has recently been shown that in the hair bulb, proliferative activity of precursors for distinct cell lineages appears to be different; in contrast to the progenitors forming the inner root sheath or hair cortex/cuticle, medulla progenitor cells divide more than once before their switch to terminal differentiation (46) . These data may suggest that proliferative activity of the medulla progenitors in zig-zag and auchen HFs may not be constant, decreasing at certain time points of anagen and leading to the formation of contractions in hair fiber.
It was shown previously that medulla progenitor cells express BMPR-IA and pSmad1/5 (28) (29) (30) , whereas the number of the medulla cells increased in awl-like hairs of K5-Noggin mice ( Figs.  1 and 2 ). Because intermediate (awl) and small (zig-zag) HFs Several lines of evidence suggest that the number of cells in the hair medulla is also controlled by the Edar, FGF, and IGF signaling pathways, and that transcription factor Krox20 may be involved in mediating the effects of FGFs and IGFs on formation of hair shaft bending in zig-zag HFs (14) (15) (16) (17) (18) (19) . Our data demonstrating a decreased expression of Krox20 in the matrix of intermediate HFs of K5-Noggin mice (Figs. 2 and 6 ) suggest that BMP signaling may also be involved in the control of Krox20 expression in the HF. However, mechanisms that underlie a crosstalk between the BMP and IGF, FGF, or Edar signaling pathways in controlling HF size and hair shaft bending require further elucidation.
Also, it is unclear whether a large number of genes encoding adhesion/extracellular matrix molecules, metabolic and proteolytic enzymes, and signaling and transcription regulators that show differences in expression between hair matrix and/or FP of WT and K5-Noggin mice (Tables 1 and 2 ) may be considered BMP targets and may somehow contribute to remarkable changes in hair phenotype seen in noggin TGs. In particular, genes such as Ptch2, Lef-1, Wnt inhibitor Wif1, which link BMP signaling with Shh and Wnt signaling pathways, as well as Msx-2 transcription factor (47) may certainly play a role in mediating the effects of BMP signaling on KC proliferation/differentiation in the HF.
Taken together, our data provide compelling evidence that BMP signaling controls HF size and phenotype of the produced hairs, at least in part by regulation of the expression of cell cycle-dependent kinase inhibitor p27
Kip1 in hair matrix KC (Fig.  4G ). These data may be important for further understanding mechanisms of the HF miniaturization seen in a number of hair growth disorders (androgenetic alopecia and alopecia areata), as well as for studying the pathobiology of the HF response to external insults targeting replicating KC, such as chemotherapy and ionizing radiation.
Materials and Methods
Animals, Tissue Collection, and Morphometric Analyses. K5-Noggin overexpressing (TG) mice were generated as described (34) .
Homozygous p27
Kip1 knockout mice (B6.129S4-Cdkn1b tm1Mlf /J; ref. 40) were purchased from The Jackson Laboratory (Bar Harbor, ME). Hairs were plucked for further analyses from dorsal skin of 10-week-old telogen mice. Skin samples were collected from neonatal mice (postnatal day 6.5), from 12-weekold mice at day 12 after depilation (anagen VI), as well as from 6-month-old animals (n ϭ 5-7 per time points for each mouse strain), as described elsewhere (48) .
Laser-Capture Microdissection, RNA Amplification, and Microarray
Analysis. The distinct areas from WT and K5-Noggin anagen HF (hair matrix, FP) were dissected by Laser Capture microdissection system (Arcturus, Mountain View, CA), as described (35, 49) . Total RNAs isolated after two rounds of linear amplification were processed through microarray analyses by using 41K Whole Mouse Genome 60-mer oligo-microarray (Agilent Technologies, Mogen, St. Louis, MO). All microarray data on gene expression were normalized to the corresponding data obtained from the reference RNA, as described (50) . Two independent data sets for each HF areas (hair matrix, FP) were obtained from WT and TG mice, and P values were calculated by the Agilent feature Extraction software (version 7.5) using distribution of the background intensity values to signal intensity and Student's t test.
Western Blot Analysis and Semiquantitative and Real-Time PCR.
Western blot analysis of total tissue proteins obtained from the extracts of full-thickness skin of TG and WT mice was performed rabbit polyclonal antisera against p27 Kip1 , pRb (Zymed, South San Francisco, CA), and pSmad1/5 (gift of K. Funa, University of Gothenburg, Gothenburg, Sweden), as described (33, 34) . Total RNAs were isolated from captured hair matrix and FP areas followed by two rounds of linear amplification, as described above. PCR primers were designed on Beacon Designer software (Premier Biosoft, Palo Alto, CA; Table 3 , which is published as supporting information on the PNAS web site). PCR and real-time PCR were performed by using iCycler Thermal Cycler (Bio-Rad, Hercules, CA) and MyiQ SingleColor Real-Time PCR Detection System (Bio-Rad), as described (33, 34) .
Immunohistochemistry and in Situ Hybridization. Frozen skin samples embedded into Tissue-Tek medium were processed for immunohistochemical protocols, as described (33, 34) . Primary antisera used for this study are listed in Table 4 , which is published as supporting information on the PNAS web site. In situ hybridization with digoxigenin-labeled riboprobe for Sostdc1 was performed as described (33, 34) . Image preparation and analyses were performed by using bright-field and fluorescent microscope (Nikon, Florham Park, NJ), in combination with SPOT digital camera and image analysis software (Diagnostic Instruments, Sterling Heights, MI).
Cell Culture and Transfection Experiments. Mouse primary KC from newborn WT and TG mice were prepared as described (29) . HaCaT KC were grown in DMEM supplemented by 4% FBS until 60-70% confluence. Cells were incubated for 6-24 h with 200 ng/ml rhBMP4 (R & D Systems, Minneapolis, MN) or diluent control, as described (33, 34) . The immunofluorescent staining of incorporated BrdU was performed by using the BrdU Flow Kit (BD Pharmingen, San Diego, CA). The proliferation rate of primary KC and HaCaT cells was assessed by using a FACScan flow cytometer equipped with CellQuest PRO software (BD Biosciences, Mountain View, CA). The p27PF-Luc reporter plasmid containing the human p27 promoter region (42) , vectors containing constitutively active BMP receptors, Smad1/5-expressing plasmids under the pCMV promoter (41) (kindly provided by K. Funa), and the pGVB2L-Luc control vector were used for transfection of HaCaT cells, as described (33) . Significant increases or decreases of expression are shown by red or blue colors, respectively. Asterisks indicate for differences in expression levels validated by real-time PCR. Significant increases or decreases of expression are shown by red or blue colors, respectively. Differences in expression validated by real-time PCR are shown by asterisks. Arbitrary units 
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